The transferrin iron acquisition system of N. gonorrhoeae is necessary for iron uptake from transferrin in the human host and requires the participation of two distinct proteins:
Introduction
With the exception of a few species, most microorganisms require iron as an essential nutrient for growth and metabolic processes, including RNA synthesis and electron transport (8) . The human host represents an extremely iron-limiting environment, with concentrations of soluble ferric iron rarely exceeding 10 -18 M in tissue 5 (46). In this environment, bacterial pathogens have evolved methods to overcome iron sequestration, which allows for replication and disease initiation. Many microorganisms produce siderophores in order to scavenge iron from their environment (30), while some have the ability to sequester host iron binding proteins in order to satisfy their growth requirements (3, 18, 28) . 10 N. gonorrhoeae, like the closely-related obligate human pathogen N. meningitidis, has not been shown to produce siderophores (2, 47) . Instead, neisserial pathogens are capable of exploiting as iron sources, host iron binding proteins such as human transferrin, human lactoferrin and hemoglobin. The transferrin iron acquisition system has been studied extensively in several human and veterinary pathogens (6, 17, 39, 41) . 15 In N. gonorrhoeae, expression of the transferrin receptor is necessary to initiate an infection in human males (15) and its components show promise as vaccine candidates (11, 32) .
Two distinct transferrin binding proteins TbpA and TbpB comprise the transferrin iron internalization system; each protein specifically and independently binds human 20 transferrin. TbpA, a TonB-dependent outer membrane transporter, is a necessary component of the transferrin (Tf) iron acquisition system, and is responsible for transporting iron into the cell. TbpB is a putatively, surface-exposed lipoprotein for
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4 which a precise role in transferrin iron acquisition has not been defined. Although not required for iron internalization, TbpB makes the process more efficient (1) . Unlike TbpA, TbpB has the ability to distinguish between apo-and holo-Tf, enhancing the interaction between the cell surface and the ferrated Tf molecule. This has led to the suggestion that the increased efficiency of iron uptake is due to TbpB's ability to select 5 the optimum ligand for iron transport (16) .
TbpB proteins are heterogeneous, exhibiting 69-84% sequence identity among N. gonorrhoeae strains and 64-75% identity when gonococcal TbpBs are compared to those of N. meningitidis (11) . Regions of conservation have also been demonstrated between TbpBs of N. gonorrhoeae, Actinobacillus pleuropneumoniae and Moraxella catarrhalis. 10 Sequence analysis revealed conserved regions interspersed within hypervariable domains of TbpB (36, 38). Internal homology in the N-and C-terminal halves of TbpB, has led to the suggestion that the protein adopts a bi-lobed structure similar to that of human transferrin (Tf) (36). In N. meningitidis it was determined that both halves are able to bind Tf, although the C-terminus bound ligand with lower affinity (35). 15 Despite its heterogeneity, TbpB is an attractive vaccine candidate, since it is expressed by all clinical isolates and is not subject to high-frequency phase or antigenic variation (10, 28) . Previous studies have also suggested that TbpB is surface exposed.
Surface binding of Tf as well as bactericidal antibodies generated against the protein (16, inconclusive, offering no clear depiction of secondary protein structure (25, unpublished observations). Hydropathy plots reveal few hydrophobic domains typically seen in integral membrane proteins (unpublished observations). These data collectively suggest that TbpB is surface exposed and tethered to the outer membrane by its lipid moiety; however no comprehensive test of this hypothesis has been attempted. 5 Although several functional analyses of TbpB have been accomplished, all involved the use of recombinant proteins (11, 24, 33-35, 37, 38) . These studies have provided insight into in vitro Tf binding by TbpB but have stopped short of examining TbpB function in the native bacterium. In this study, we employed an epitope-tagging approach, which has been used to elucidate topological and functional characteristics of 10 numerous proteins, including TbpA from N. gonorrhoeae (49) and FhuA from E. coli 
Materials and Methods
Strains and media. The strains utilized in this study are listed in Table 1 . Gonococci were routinely grown on GC medium base (Difco), with Kellogg's Supplement 1 (21) and 12µM Fe(NO 3 ) 3 . GC agar was supplemented with 100µg/ml of streptomycin or 1µg/ml chloramphenicol for selection of gonococcal transformants. To achieve iron-5 stressed conditions, gonococci were grown in liquid Chelexed Defined Media (CDM) (48). All gonococcal strains were cultivated at 37°C in 5% CO 2 . To assess transferriniron utilization, CDM-agarose plates were supplemented with 30% saturated human transferrin (Sigma). One bacterial colony was streaked onto CDM-transferrin plates and incubated for 24 to 48 hours. Plasmids were propagated in E. coli strain TOP10 (Table  10 1), which was grown in Luria-Bertani broth supplemented with 50µg/ml of kanamycin.
HA epitope insertion mutagenesis. Mutagenesis was carried out according to Horton et al. (19) . The sequence encoding the HA epitope (YPYDVPDYA) was incorporated into tbpB via a two-step PCR technique, amplifying approximately 1kb of tbpB from chromosomal DNA. Two primary PCR reactions were performed, each using an HA-15 encoding mutagenic primer as well as a gene-specific non-mutagenic primer ( Table 2 ).
The primary PCR products contained overlapping sequence encoding the HA epitope.
These products were gel purified and used as template for the secondary PCR reaction.
The second round of PCR was performed using two non-mutagenic primers (Table 2) , with the overlapping region also serving to prime the reaction. The resulting secondary 20 PCR product was gel purified, cloned and sequenced. To create a negative control strain, a periplasmic protein (TonB) was also fused with the HA epitope. The tonB HA mutagenesis was performed in the manner described above. DNA) were spotted on top of the piliated gonococci. Transformation mixtures were incubated on non-selective media for 24 hours at 37°C with 5% CO 2 . Following incubation, single colonies were picked and re-streaked on media containing streptomycin. A PCR screen was employed on the streptomycin resistant transformants to detect the presence of the HA epitope sequence. When two mutations were combined, 15 linearized plasmids containing each independent mutation were simultaneously added to piliated gonococci along with the Strp R chromosomal DNA.
A C C E P T E D
Solid phase Tf binding assays. Gonococcal strains were grown in iron stressed conditions as described above. After 4 hours of growth, the cultures were standardized to culture density and applied to nitrocellulose. Membranes were allowed to dry and then 20 blocked in 5% skim milk in low salt TBS (LS TBS). with Opti4-CN (Bio-Rad). Ligand discrimination and species specificity were assessed essentially as described previously (13) . Membranes were probed with a mixture of unlabeled competitor (100% saturated hTf or apo-Tf) and HRP-Tf. To assess species specificity, membranes were probed with a mixture of unlabeled competitor (100% saturated hTf, bovine Tf or murine Tf) and HRP-Tf. In both discrimination and species 5 specificity assays, each well contained 0.33µg of the HRP-Tf (commercially available HRP-Tf is partially saturated with iron). Two-fold serial dilutions of unlabeled competitor (ranging from 6µΜ-0.05µM) were made in the presence of 0.8 mM Desferal probed with HRP-Tf as described previously (16) . HRP was detected by Perkin Elmer Chemiluminesence Plus (Perkin Elmer) and reactive bands were identified by exposure to film. Detection of TbpA was accomplished using a polyclonal antibody to TbpA as 5 described previously (16) .
Confocal microscopy for surface-exposed HA epitope detection. To detect the presence of the HA epitope on the surface of gonococci, strains were grown under ironstressed conditions. After 4 hours of growth, the cultures were standardized to culture density and spotted onto glass slides. Slides were blocked in PBS containing 0.1% IgG-10 free bovine serum albumin (BSA) and probed with 100ng/ml anti-HA high affinity counted using a Beckman LS6500 beta counter. Counts were averaged and the counts from the +KCN condition were subtracted. Strains were standardized to total cellular protein, as determined by bicinchoninic acid assay (Pierce). Each graph is a representation of data from three separate assays, each performed in triplicate.
Statistical Analysis. Statistical significance of iron internalization was performed using a 5 two-tailed, paired Student's t-test in which a P value of ≤ 0.05 was considered significant. TbpB is entirely surface exposed. Utilizing a polyclonal anti-TbpB serum, we determined that the TbpB-HA fusions were surface exposed in all mutants as analyzed by both solid phase antibody binding assay and immunofluorescence microscopy (data not shown). A negative control strain (TonB-HA) was created by fusing a periplasmic protein (TonB) with the HA epitope ( Table 1 ). This negative control strain was used for 15 surface exposure experiments. Visualization of cells by microscopy revealed that the gonococcal cells were intact (Fig. 2 ). Immunofluorescence performed with an anti-HA monoclonal Ab (mAb) indicated that the HA epitope was surface exposed in all strains, as compared to the TonB-HA fusion negative control strain. The varying degrees of reactivity with the mAb were most likely due to structural constraints and/or surrounding 20 protein sequence. These trends were confirmed by solid phase whole-cell HA-antibody binding experiments (data not shown). Since TbpB and TbpA have been shown to function together, potentially interacting within the outer membrane (7, 20, 

HA epitope insertions define 35 critical residues for Tf binding by Western blot.
Western blot analysis of HA-fusion strains indicated that the 86kD full-length TbpB was 5 expressed (Fig. 3A) and that the HA epitope could be detected in the full length protein (Fig. 3B) . Multiple species were present in both the anti-TbpB and anti-HA Western blots, possibly indicating that TbpB assumes multiple conformational forms persisting under denaturing conditions. It is interesting to note the inability to detect these other TbpB species in the HA1 insertion strains by anti-HA western blot (panel B), suggesting 10 the possibility that these alternate species were N-terminally truncated between the insertion points of HA1 and HA2. These other forms of TbpB were also seen in the wildtype control strain ( (targeted by HA4 and HA8, respectively) caused similarly-diminished surface Tf binding capacity. Taken together, these data suggest that the duplicated regions within the N-and C-termini of TbpB are associated with two distinct Tf-binding domains.
Specific binding of ferrated ligand is not sufficient to enhance iron uptake. TbpB is 15
not necessary for uptake of iron; however, iron internalization from Tf is more efficient in the presence of TbpB (1) . It was previously shown that TbpB, unlike TbpA, has the ability to discriminate between ferrated and apo-Tf, preferentially binding ferrated-Tf (16) . These findings cumulatively suggest that TbpB enhances iron uptake due to its ability to select the optimum ligand. Utilizing the TbpB-HA-fusion strains, we examined 20 ligand discrimination, species specificity and iron internalization. In order to assess ligand discrimination, a solid-phase competition assay was performed ( Figure 5 , all of the HA-fusion mutants retained their ability to preferentially bind ferrated-Tf. Differences in total binding were detected, supporting the results of the solid phase Tf binding assay (Fig. 4) . It is possible that there are multiple domains necessary for ligand discrimination or that we have not targeted the specific region responsible for this function. 5
The Tf receptors of N. gonorrhoeae and N. meningitidis are specific for human Tf (40). It has been suggested previously that the N-terminal domain of meningococcal TbpB is responsible for species specificity (35). To assess whether we had impacted a domain necessary for species-specific binding by TbpB we examined the ability of fusion strains HA4, HA5 and HA8 to bind bovine and murine Tf in a solid phase competition 10 assay. These strains demonstrated a defect in Tf binding (Fig. 4) and were chosen in order to examine whether this defect correlated with a decrease in species specific Tf binding. Strains were incubated with mixtures of human HRP-Tf and either ferratedhuman Tf, bovine Tf or murine Tf as competitor (Fig. 5B) . All of the HA-fusion strains preferentially bound human Tf, indicating that the binding site that remained after 15 mutagenesis was still specific for the human form of the ligand.
We also examined iron internalization utilizing Fe 55 -loaded Tf (Fig. 6 ). In this assay we compared total uptake by each mutant strain as a percentage of wild-type iron internalization. In the absence of both TbpB and TbpA (FA6815) iron internalization was abolished. In the absence of TbpB (FA6905) uptake of iron was approximately 50% 20 of wild-type. In all mutants, TbpB and TbpA levels were similar to wild-type (Fig. 4A and data not shown), indicating that the altered amount of iron uptake was due to the presence of the HA in TbpB and not merely that more or less of the receptor proteins Figure 3C . This analysis also demonstrated that the 5 region defined by insertions 4 and 5 plays an important role in wild-type TbpB function. (Table 1) . Solid-phase binding assays were performed to examine Tf binding by TbpB in these combined fusion strains: HA4+HA8 and HA5+HA8. We hypothesized that combining mutations in the independent Tf binding domains would either abolish surface binding or reveal yet another unidentified ligand binding region. combined mutants, Tf binding by TbpB was abolished, indicating that we had targeted all of the domains necessary for surface Tf binding by TbpB. We also created the combined mutants HA5+HA7 and HA5+HA9 with the hypothesis being that TbpB should maintain its ability to bind Tf since the C-terminal binding region had not been disrupted. The 10 HA5+HA7 and HA5+HA9 combined fusion strains bound Tf in a manner similar to the parental strain (HA5 fusion) (Fig. 7) . These results suggested that TbpB was not grossly TbpB's compensatory function, as growth of these strains and therefore iron acquisition was not hindered. On the other hand, when the HA4+L9 and HA5+L9 strains were examined following 24 hours of growth we noted that these mutants did not grow on Tf as a sole iron source (Fig. 8A) . These results suggest that the region defined by HA4 and HA5 is necessary for this compensatory TbpB function. Our findings implicate residues 10 293-328, a region defined by insertions 4 and 5, in providing a function which can ordinarily be accomplished by wild-type TbpA. These 35 residues (293-328) apparently play an important role in wild-type Tf binding by TbpB as well as in the function of the Tf iron acquisition system as a whole.
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Strains containing HA7+L9 and HA9+L9 demonstrated growth patterns similar to 15 the parent strain MCV515 (Fig. 8B) . In contrast, the HA8+L9 mutant did not grow as well as the parent strain, demonstrating a growth pattern similar to the HA4+L9 mutant. 
Discussion
The purpose of this study was to identify surface exposed, Tf-binding domains in native gonococcal TbpB. To accomplish this, nine TbpB-HA fusion strains were constructed. Each of the epitope insertions was well tolerated, including those placed within highly conserved domains of TbpB. Western blot analysis indicated that the 5 TbpB-HA fusion proteins were stably expressed by the gonococcus. The presence of the HA epitope resulted in no detectable growth defect in any of the strains. Overall, these results suggest plasticity within TbpB, as both conserved and variable regions could be subjected to mutagenesis without evidence of toxicity.
The presence of multiple species seen in both the anti-TbpB and anti-HA Western 10 blots has been noted previously with recombinant TbpB protein (31). Price et al.
demonstrated that a secondary species was actually truncated TbpB, lacking 110 residues from the N-terminus. In our analysis, multiple alternate forms were detected, including a similarly-sized secondary species. In the anti-HA Western blot, the HA1 fusion strain did not express these alternate TbpB conformations, most likely because these alternate 15 forms lack N-terminal residues of TbpB. As expected, these species were present when Western blots of the HA1 fusion were probed with an anti-TbpB antibody. These other TbpB species did not bind Tf in this analysis, consistent with results from studies with recombinant TbpB truncations (11, 31) . The significance of the other TbpB species is unclear. It is possible that they represent progressive truncations of the protein or that 20 they are alternatively modified TbpBs. These apparently-smaller forms would most likely not be lipid modified, if they lack the signal II peptidase cleavage site; however other modifications cannot be ruled out. TbpB is proposed to be fully surface exposed and tethered to the outer membrane by its lipid moiety. This hypothesis, although not previously experimentally tested, is based on surface binding of Tf and some TbpB-specific antibodies (16, 35 ). In the current study, we report that TbpB is fully surface exposed. The nine TbpB-HA fusion proteins expressed by N. gonorrhoeae all exhibited surface accessible HA epitope tags. 5
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The differences in reactivity with the anti-HA mAb could be due to secondary sequence constraints, since the regions surrounding the HA epitope could hinder Ab accessibility.
It is also possible that these less accessible epitopes are located within domains that are hidden or blocked by other parts of the protein. Insertions 4, 5 and 8 resulted in diminished Tf binding and these HA epitopes were apparently the least accessible to the 10 antibody. In contrast, the highly reactive insertions surrounding these critical domains (HA2 and HA6, HA7 and HA9), were not critical for Tf binding. Thus, one could speculate that highly conserved regions are required for Tf binding function and are either less exposed or more constrained in structure such that antibody access is limited.
The corollary to this hypothesis is that the diversity domains, shown recently to be 15 limited to narrow regions of gonococcal TbpB (26), are not critical for ligand binding, but are more accessible to antibody. As TbpB is a promising vaccine candidate, it is important to define which domains exhibit the greatest sequence diversity and which are readily surface accessible and critical to native function. is also provided by wild-type TbpA. Furthermore, the findings from this study suggest that the regions of TbpB involved in Tf binding have another function, potentially that of removing iron from Tf. It is possible that binding Tf at both sites in TbpB results in efficient iron release from Tf, resulting in increased efficiency of iron internalization in its presence. 5 We previously proposed that TbpB could increase the efficiency of iron internalization by virtue of the fact that this protein preferentially binds holo-Tf (1, 16).
Our current findings, however, indicate that the ability to discriminate between apo and ferrated ligands is not sufficient for wild-type levels of iron uptake. HA4, 5 and 8 fusion strains demonstrated decreased iron uptake, although they maintained their ability to 10 specifically and preferentially bind the ferrated ligand. Cumulatively, our results suggest that while discrimination is not essential, binding wild-type amounts of Tf to both N-and C-terminal binding domains is necessary for normal TbpB function.
Close homologues of TbpB do not exist in protein sequence databases, and no crystal structure for TbpB is yet available; therefore, creation of a topology model for 15
TbpB has been hindered. In a recent crystal structure study of N. meningitidis putative lipoprotein GNA1870 (9) The regions defined in our analysis by HA insertions 4 and 8 are not present in GNA1870
and do not correspond to the proposed beta-strands. In fact, these conserved regions fall within a flexible region between proposed beta strands 4 and 5 (9) . These results are consistent with the conclusion that sequences conserved among the TbpBs within domains N3 and C3 are lacking in GNA1870 and that these regions are critical for the Tf binding and iron internalization functions uniquely associated with TbpB. 5
The current study supports the hypothesis that TbpB is fully surface exposed.
These studies have important vaccine implications as they may allow us to define surface-exposed, Tf-binding epitopes, which could be incorporated into a TbpB-based We gratefully acknowledge Christopher Thomas and P. Frederick Sparling for the contribution of anti-TbpB antiserum. We also acknowledge Mary-Kate Yost-Daljev and 10
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